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BJIMAHUE XAPAKTEPHOI'O PASMEPA
HA TBEPJO®A3HYIO PACTBOPUMOCTD B INIEHOYHOM CUCTEME Ag-Ge

A. A. MuHeHKoOB, A. II. Kpbimrajas
Xapwvkoeckuil nayuonanvHwuiii ynueepcumem umenu B. H. Kapaszuna,
Ykpauna, Xapvkos,
[Toctynuna B penakuuio 29.06.2015

B nannoi#1 pabote MpuBOASTCS pe3ybTaThl SKCIIEPUMEHTAIBLHOTO HCCIICA0BaHUs TBEpA0(pa3zHOH pac-
TBOprMOCTH Ge B TOHKHX TuIéHKax Ag. [ ompeneneHust pacTBOPUMOCTH MCIOIB30BAJICS METOJ
M3MEPEHHUS SJIEKTPOCOTIPOTUBIICHHUS CIIOUCTHIX MIIEHOYHBIX crcTeM Ag-Ge B X0/Ie IIMKJIAa HarpeB-0X-
naxzaenue. [Inénounas cucrema GopMHUpOBaIACH ITyTEM 1OCIEI0BATEIbHON KOHACHCAIIMN KOMIIO-
HEHTOB B BBICOKOM BakyyMe. B pe3ysbrare uccienoBaHus OCTPOECHBI KPUBbIE PACTBOPUMOCTH Iep-
MaHUs B cepedpe 1 00pasoB ¢ xapakTepHbIM pazmepom 50, 25 u 13 um. [lokazaHo 3HaunTENEHOE
YBEJIMYEHHE PACTBOPUMOCTH repMaHus B cepeOpe Mpu yMEHBIIECHUH TOJIIIMHBI 00pa3oB, a TaKkkKe
CMeEIeHNE KPUBOW paCTBOPUMOCTH B 00J1aCTh O0Jiee HU3KUX TEMIIEPATyP.

KuroueBblie ciioBa: Tonkue niuéHku, cuctema Ag-Ge, B3aMHasi paCTBOPUMOCTb.

BIIJIMB XAPAKTEPHOI'O PO3MIPY
HA TBEPIO®A3HY PO3UMHHICTD Y IUIIBKOBIM CUCTEMI Ag-Ge

0. O. Minenkos, O. I1. Kpumraiab

YV naniit poOOTI HABOAATHCSA PE3YABTATH EKCIIEPUMEHTAIBHIX JTOCHIHKEHb TBEpA0(]a3HOi PO3UMHHOCTI
Ge B TOHKHX IDTiBKax Ag. /s BU3HAYCHHS pO3UMHHOCTI BUKOPHUCTOBYBABCS METOJ] BUMIPIOBAHHS €JICK-
TPOOMOpY IApyBaTHX IUTIBKOBHX cucTeM Ag-Ge B XOfIl IMKITY HarpiB-oxonomkeHHs. [lniBkoBa cucre-
Ma (hopMyBaacsi MUISIXOM TTOCITIIOBHOI KOHZIEHCAIlil KOMITOHEHTIB Y BUCOKOMY BakyyMi. B pesysbrari
JIOCITi/PKEHHS TOOYI0BaH|1 KPUBI PO3UMHHOCTI TepMaHito B CpiOIi st 3pa3KiB 3 XapaKTePHUM PO3MIpOM
50,251 13 am. [TokazaHo 3Ha4He 301IbLICHHS TPaHUYHOI PO3YMHHOCTI FepMaHito B CpiOii MpH 3MEHILICHH]
TOBIIMHHM 3pa3KiB, @ TAKOXK 3CYB KPHBOI PO3UMHHOCTI B 00JIaCTh OLIBII HU3BKHUX TEMIIEPATYP.

Kurouosi ciioBa: Tonki miuiBky, cucrema Ag-Ge, B3aeMHa PO3UNHHICTB.

EFFECT OF SIZE
ON THE SOLID STATE SOLUBILITY IN Ag-Ge FILM SYSTEM

A. A. Minenkov, A. P. Kryshtal

The results of the experimental investigation of the solid-state solubility of Ge in thin Ag films have
been reported. The method of samples’ electro resistance measurement during a heating-cooling
cycle was used to determine the solubility. The film systems were formed by successive condensation
of the components in a high vacuum. The solubility curves of germanium in silver for samples with
a characteristic size of 50, 25 and 13 nm were sketched. The significant increase of germanium
terminal solubility in silver with characteristic size reduction, as well as the shifting of solubility
curves to the region of lower temperatures was shown.

Keywords: thin films, the system Ag-Ge, the mutual solubility.

BBEJIEHUE

[IpakTH4yeckoe MCIOJIb30BaHUE OMHAPHBIX
TUIEHOYHBIX CUCTEM TPeOyeT YeTKOTO MOHMMAaHWS
XapakTepa B3auMOJCHCTBUSA KOMIIOHEHTOB, KO-
TOpOE, JJIsl PABHOBECHBIX CUCTEM, ONUCHIBACTCS
¢dazoBoii tuarpamMmmoit cocrostuust. K Hactosie-
MY BPEMEHH YCTAaHOBIIEHO, YTO C YMEHBIIEHU-
€M XapaKTEepHOIo pa3Mepa OCHOBHBIE KOHTYPbI

¢da30BOii AHMarpaMMbl CABUTAOTCA B 001acTh
Oosee HU3KUX TeMIieparyp. Tak, U3BECTHO MO-
HIDKEHHE TEMIIEpaTyphl IIaBJICHUS IBTEKTHKH,
CMeIlleHUEe JIMHUHI JTMKBUAYCA U COJHUayca Ipu
YMEHBILIEHNU XapaKTEPHOIO pa3Mepa CUCTEMBbI
[1, 2, 3]. B TO e BpeMs 3KciepUMEHTalIbHbIE
JJAaHHBIE O 3aKOHOMEPHOCTAX (hopmMupoBaHuUs
TBEP/IbIX PACTBOPOB B OMHAPHBIX HAHOCHCTEMAX
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JOCTAaTOYHO OrpaHUYeHbl. BrnepBbrie Ha
yBelM4eHue TBepaoda3zHOi pacTBOPUMOC-
TH yKa3bIBaJIoCh emle B padbore [1], B KoTopoi
B pe3ysbTare 3JEKTPOHOrpapuUYeCcKUX Ucclie-
JIOBaHUU M30TEPMUUECKUX CeUeHUU (pa3oBoit
nuarpammsbl Al-Cu 66110 0OHApYKEHO, 4TO JJIs
MJIEHOYHBIX CUCTEM TOJIIUHON 25 HM mpen-
eJbHasi paCTBOPUMOCTb MEAHU B AJIIOMHUHUU
yBeaunuuiach 10 18 macc. % no cpaBHEHUIO
¢ 5,7 macc. % st MacCUBHBIX 00pas3IioB.

B pabote [4] nna onpeneneHus B3anM-
HOW pacTBOPUMOCTH KOMIIOHECHTOB OMHAPHBIX
CUCTEM HaMU ObLIO MPEITI0KEHO UCII0Ib30BaTh
METOJ] U3MEPEHMSI DIIEKTPOCOIIPOTUBIIEHUS 00-
pa3LoB B UKJIE HATPEB-OXJIaXKIEHUE, KOTOPbII
XOPOILIO 3apeKOMEHI0Bal cedsl paHee MpH uc-
cnenoBaHuu AuQdy3uu B HaHOPa3MEPHBIX
MIEHOUHBIX cucTeMax [5]. B pesynbrare uc-
clieoBaHus ObLIO MOKa3aHO, YTO JaHHBIN
METOJl MO3BOJISIET ONPEAEIUTh TEMIIEPATY-
py Hauana U OKOHYaHUs mporecca GopMu-
pOBaHMS TBEPAOTO pacTBOpa B MCCIEAYyEMON
CIIOMCTOM IICHOYHOM CHUCTEME M, COIIOCTaB-
75151 UICXOAHYI0 KOHLIEHTPAIMIO KOMIIOHEHTOB
C TeMIeparypoil rOMOreHH3aluu B CUCTE-
M€, MO>KHO OIpeIeIuTh PaCTBOPUMOCTh IIPU
JIaHHOW TeMmepaType. 3HaueHUs PacTBOPU-
MOCTH JJISI MACCUBHBIX 00pa3IloB, MOTY4YCHHbBIE
B pe3yJbTaTe, XOPOIIO KOPPEJIUPOBAIHU
C M3BECTHBIMH JIUTEPATyPHBIMHU JTaHHBIMU.
Hacrosimas pabora siBAS€TCS JTOTHYECKUM
NPOJOJIKEHUEM ATUX HCCIEAOBAHUN, HO
OCHOBHOE BHMMaHHE B HEHl OyaeT yneneHoO
BIMSHUIO XapaKTEpHOI'0 pa3Mepa CHUCTEMBbI
Ha pacTBOPUMOCTb KOMIIOHEHTOB B TBEPAOM
COCTOSIHUH.

OBPA3IbI U METOJAUKA
IKCIIEPUMEHTA

Tak kak uccienoBaHHe B3aUMHOW pacTBO-
PUMOCTH KOMIIOHEHTOB B HaHOpPa3MEPHBIX
cucTeMax SIBIsieTCS OCTAaTOYHO TPYAHOM
3ajaueif, nenecooOpa3zHO HUCMOIb30BATh
MO/ICJIbHBIE CUCTEMBI C POCTHIM TUIIOM B3au-
MoaeucTBus; U cucrema Ag-Ge sBisgeTcs
onHOM u3 Takux. KOMIOHEHTHI NaHHOW Ou-
HapHOU cucTeMbl 00pa3yioT (pa3oByr IH-
arpaMMmy 3BTEeKTHYeckoro Ttumna. Kuakas
(daza IBTEKTUUECKOTO cOCTaBa (HOPMHUPYETCsI
B cucteMme npu 24,5 ar. % repMaHus U TeM-
neparype 651 °C. IIpenenpHas TBepaodazHas

pacTBOPUMOCTH repmManus B cepebpe (X))
nocturaet 9,6 at. %, a pacTBOpUMOCTE cepedpa
B FepMaHUM HEe3HAUUTENbHA [7].

Hccnenyemble IIeHOYHbIE CUCTEMBI (POPMU-
poBauCh MyTEM IMOCJIEI0BAaTEIbHON KOHJIEH-
CallMy KOMIIOHEHTOB MPU AIEKTPOHHOIYUYEBOM
HCIIAPEHUU U3 HE3aBUCHUMBIX HUCTOYHHMKOB
B Bakyyme 1-107 mm pT. cT. Mcnonb3oBaHue
CIIOMCTBIX MJIEHOYHBIX CUCTEM MO3BOJSIET
NOOUTHCS aTOMAapHOrO KOHTAaKTa MEXIY
[IOCJIEZI0BATENILHO OCAX/IEHHBIMY KOMIIOHEHTa-
MU, 4YTO HEOOXOIMMO JJISl UCCIIEOBAaHUS UX B3a-
umoeiicteus. Kpome Toro, MOXXHO B HTUPOKUX
Ipezeax BaApbUpoOBaTh MACCOBOE COOTHOLIIEHUE
KOMIIOHEHTOB B CUCTEME, U3MEHSS TOJIIUHbI
c0€B cepedpa ¥ repMaHusl.

Crouctsle miaéHouHble cucteMsl Ag-Ge dop-
MHUPOBAJIMCh Ha CTEKJISTHHON MOAJIOKKE C MpeJl-
BAPUTEIBLHO OCaXJIEHHBIMU CepeOpsAHbBIMU
KOHTaKTaMU ¥ aMOP(HBIM yIJIEPOIHBIM MOACIIO-
em. [locnennnii — ciy»xun U1 IpeaoTBpaile-
HUS1 B3aUMOJIEUCTBUS MOIJIOKKY C UCCIIEAYEMOI
cucreMoil. bbuti copmMupoBaHbI TpH cepuu 00-
pasuoB. B mepBoit — TomnmuHa cinos cepedpa
ObLIa MOCTOAHHOM U cocTasasia 50 HM, B TO
BpeMs KaK TOJILHHA CJIOSl FEPMaHUsl BapbUPO-
BaJiach B Auamnazone 3-9,5 um (~3-9 ar. %).
Bropas cepus cocrosiia u3 oOpasioB ¢ MOCTO-
STHHOW TOJIIITUHOM cJiosi cepedpa 25 HM U cliost
repMaHus epeMEeHHOM TONIHHBI 2—5,5 HM (~4—
11 at. %). B TpeTbeit — TonuuHa MIEHKH
cepebpa coctaBnsina 13 HM, a repMaHus —
1-3,5 um (~4-14 at. %) Tonuuua cios cepe-
Opa obecneunBaja CIIONIHOCTh 00pa3lloB BO
BCEM JMania30He UCCIEAYEMbIX TEMIIEPaTyp, YTO
BaJKHO JUJI1 XOPOUIEH 3JIEKTPOIPOBOIUMOCTH.
Tak)xe BbIOpaHHasi KOHLIEHTPALUs F€pMaHUs
M03BOJIsIa U30€KaTh KOHTAKTHOTO IJIaBICHUS
B OMHApHOI cUCTEME U, KaK CIEeCTBHE, pacmaa
IIEHKY IIpU HarpeBe.

B kauecTBe sKcnepumMeHTaIbHOIro 0a3u-
ca HMcCleq0BaHUs UCIOJb30BAJICA METOJ U3-
MEpEHHE IEKTPOCONPOTUBIEHUS 00pa3I0oB
B XOJl¢ TepMOIUKIupoBaHus. TemmnepaTyp-
Has 3aBUCUMOCTH 3JIEKTPOCONPOTUBICHUS
o0pa3ua perucTpupoBaisach Mpu MOMOIIHU
YEThIPEXTOYECYHONU U3MEPUTEIBHON CXEMBI.
CKOpOCTh UBMEHEHMS TEMIIEPATyphl B IUKIIAX
HarpeB-oxJaxjaeHue He npeBbimana 1 K-mun .
B kxagyecTBe maTyuka Temmeparypbl UCTOJb-
30Bajlack TepMmonapa K-tuna, morpemHocTs
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n3Mepenuit cocrasisna 5 K. [lorpemnocts
OIpe/iesIeHNs CONIPOTUBIICHUS HE MpeBbIIaa
+0,1 Om. U3MepeHuss npoBOAUINUCH B aBTO-
MaTH4YE€CKOM pPEXKUME C MCIOJb30BaHUEM
IpOrpaMMHO-aNapaTHOro KOMIIJIEKCa Ha
6a3e 16 paspsHoro ALIT Advantech USB-4718,
MCTOYHHUKA TOKA U POrPAMMHOTI0 00€eCIIeueHus
s [IK. ITpu 5ToM MakCcuMaibHBIM TOK yepes
oOpaserr He mipeBbIman 10 MKA, 94TO TTO3BOJISIIO
HE YYUTHIBaTh 3P(PEKTHI, CBA3aHHBIEC C JJEK-
TpocTuMynupoBaHHOU auddy3ueii [8]. bonee
JeTalbHOE ONMHMCAHNE SKCIIEPUMEHTAJIbHON Me-
TOAMKHU JIOCTYITHO B [4].

PE3YJIBTATBI U OBCYXXJIEHHUE

Ha puc. 1 npuBenena temneparypHasi 3aBH-
CHMOCTB JJIEKTPOCONPOTUBIIECHUS IBYXCIIOM-
HOW IUIEHOYHOM CHUCTEMBI C TOJIILUHOW CIIOs
cepebpa 25 HM u repmanus 3,6 HM, 4TO COO-
tBeTcTBYeT Ge (7 at. %)/Ag. XapakTep JaHHON
3aBUCHMOCTH TUIIUYEH JIS1 BCEX UCCIIEI0BAHHBIX
oOpa3uoB. BunHo, 4To Ha HauyanbHOU CTa-
IUM Harpesa, npubausutenbHo 1o 150 °C,
Ha0JoaeTcsl He3HAYUTEIbHBII pOCT compo-
TUBJIEHUS, COOTBETCTBYIOIIUN TEMIEPATyp-
HOMY KO3 durnuenty conporusnenus (TKC)
yucrtoro cepedpa. Ilo nocTukeHun ykasaH-
HOM BBILIE TEMIIEPATYPbl AKTUBUPYIOTCS J1Ba
KOHKYpUpYyOmuXx 1upPy3uoHHBIX TpoLec-
ca. [lepBbIiit — HaOdIOmaNICS HAMU paHee IS
MIEHKW YUCTOTO cepedpa [4] u, BEpoOsATHO,
BBI3BaH pejaKcalMeill M3HayajabHO HEpaB-
HOBECHOW CTPYKTYpPbl KOHICHCUPOBAHHOMN
IIEHKU Ag. JlaHHBIM MpoOUEcC MPUBOIUT
K YMEHBUIEHUIO CONpPOTHUBIEHUs obpasua,
B TO BpEMs KaK BTOPOH, CBSI3aHHBINA C pa-
CTBOpPEHHEM T'eépMaHus B cepedpe, MPUBOAUT
K YBEJIMYECHUIO CONPOTHUBIECHUS UCCIENYE-
MOM cuctemsl. Ilpu nanpHelmeM yBenuye-
Huu temieparypsl (>250 °C) Bropoii npouecc
HauMHAaeT JOMUHHUPOBATH, KOHIEHTpAaLUs
repMaHus Mo rpaHuLaM 3&peH cepedpa Bo3-
pacTtaer coriacHo (a3oBOW AMarpaMme, 4To,
B UTOIE, IPUBOAUT K YBEIUUYEHHUIO CONIPOTHU-
BieHUs oOpasma. [Togo6HOe moBeneHue, Kak
OTMEYajioch paHee B [4], HE XapaKTepHO IS
TUIEHOK YHCTOTO cepedpa Toil xe TonmmHel. [1o
Mepe MOBBIIIEHUS! TeMIIEpaTyphl, BILIOTh 10
420 °C, conpoTUBIIEHHE MOHOTOHHO YBEINYHBA-
€TCsl, OIHAKO 3aTEM 3aBUCUMOCTb IIPETEPIIEBAET
u3rud U Janee pocT MPOUCXOAUT B COOTBETCTBUU

¢ TKC pactBopa Ag-Ge. Ilpu oxmaxaeHuun
JI0 KOMHAaTHOHM TeMIepaTypbl COMPOTUBICHUE
MIEHOYHON CHCTEMBI TJIABHO YMEHBIIACTCS
06e3 kakux-nubo ocobeHnocreil. MIx orcyr-
CTBHE CBUJIETEILCTBYET O TOM, UTO TBEPJbIi
pactBop Ag-Ge He pacmagaics npu UCHOJIb-
30BaHHOW ckopocTu HarpeBa — 5 K-muH .
Crnenyer OTMETHTH, YTO TEMIIEpaTypHBIC 3a-
BUCHMOCTH 3JIEKTPOCONPOTUBIIEHUs 00pa3ia,
MOJTy4YCHHBIE B XOJ/I€ MOBTOPHBIX I[UKIOB Ha-
IpeB-OXJIaXJeHUE, MOJHOCTHIO COBMAAAIN
C KpUBOM OCTHIBAHUSA MJIEHOYHOU CUCTEMBI
B nepBoM 1ukiie (puc. 1). 910 daxT mo3BomsieT
YTBEPKIaTh, YTO BCE MPOIECCHI XapaKTePHbBIE
JUIsSL UCCJEeAyEeMOro MHTEepBaja TeMIepa-
TYp, 3aBEpPLUIMJIUCH B XOJ€ MEePBOTO LHKIA
HarpeB-OXJIaXICHHUE.
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Puc. 1. TemneparypHast 3aBUCMOCTB 3JIEKTPOCOITPOTHB-
nenust wiéHouHoit cucremsl Ge (7 at. %)/Ag (nepsblii

LUKI: A — HarpeB, ® — OXJIAKJECHHUE; BTOPON IUKIL:
A — HarpeB, 0 — oxyaxjaeHue). TolmuHa TUIEHKH
Ag—25um

Takum 006pa3oM, UCTOJIB30BAHUE METO]Ia
U3MEPEHUS DJIEKTPOCONPOTUBIEHUS MO3BO-
JIMJIO 3apEerUCTPUPOBATh TEMIEpaTypy Hada-
na (150 °C) u oxonuanus (420 °C) nmporecca
dbopMHUpOBaHUs TBEPAOTO PACTBOPA B CIOUC-
Toi muéHoyHou cucreme Ag-Ge. ConocTaB-
7515 U3BECTHYIO KOHIEHTPAIMI0 KOMIIOHEHTOB
B 00pasuax 1 TeMIeparypy, Ipu KOTOpOii 3aKaH-
yuBaeTcst GOpMUPOBAHUE TBEPIIOTO PACTBOPA,
MO’KHO OIIPEAEIUTh PACTBOPUMOCTb T'€pMaHUs
B cepebpe.

Hcnonb3ys JaHHYI0 METOAMKY, TBepAo(ha3Has
pacTBOPUMOCTH FepMaHus B cepeOpe Oblia cuc-
TEMaTU4eCKHU U3MepeHa ISl INIEHOYHBIX CUCTEM
C XapaKTEePHBIM Pa3MePOM (TOJIIIUHOM c1os1 Ag)
50 1 25 HM 1 KOHLEHTpAaLKel TepMaHusi, Bapbu-
pyeMoii B Mpokux npenenax (puc. 2). Taxxe,
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Ha pucC. 2 IPUBEACHBI TaHHbIE, TOJTYUYCHHBIE
HaMmMu panee [4] nns cuctembl Ag-Ge
¢ xapakTtepHbIM pazmepoM 100 um. Bunno,
YTO 3HAYEHUs] PACTBOPUMOCTH, MOTyUYEHHBIE
IJIst 9TUX 00pa3oB, XOPOIIO COTNIACyHTCs
C U3BECTHBIMH JUTEPATYPHBIMHU JaHHBIMU [7]
1 JI)KAT TOYHO Ha KPUBOW PACTBOPUMOCTH Tep-
MaHHs B cepeOpe, M3BECTHOU JIJISI MAaCCHUBHBIX
o0pa3moB. B To xe BpeMsi, KpUBbIE pPaCTBO-
PUMOCTH, OTHOCSIIHECS K 00Jiee TOHKUM 00-
pasmaM, CMEIIeHbl B 001acTh 00Jee HU3KUX
TeMIeparyp, T. €. paCTBOPUMOCTb FepMaHUs
B cepeOpe 3HAYMTEIbHO YBEIWUYHUBACTCS TIPU
YMEHBIIICHUU pa3Mepa CHCTEMBI.

A h (Ag) =50 Hm

Q h (Ag) =25 Hm
A h(Ag) =13 HM

Temnepartypa, °C

T T 1

20 30 40 50
at. % repmaHus

Puc. 2. DOpomrormsa (a3oBoil AMarpaMMbl COCTOSHHS
cucteMsl Ag-Ge Ipu YMEHBIICHUH XapaKTepHOTo pa3Me-
pa cucTeMbl. B — JaHHbIe paboThl [4], Ag (100 HM)

3aMeTuM, 4TO CTOJIb 3HAYUTEIbHBIH POCT
pPacTBOPUMOCTH MOXKET OBITh OOBSICHEH BO3-
pacTaHueM BKJIaJa MOBEPXHOCTHOW IHEPTUU
B OOIIYIO SHEPTUI0 HAHOAUCIIEPCHOM CHCTEMBI

[3].

3AK/IIOYEHUE

TakuM oOpa3oM, B pe3yiabTare MpPOBEACH-
HOTO HCCJIEOBAHUS CIOUCTBIX MIEHOUYHBIX
cucreM Ag-Ge pa3IM4HOM TOJIIUHBI, IPU TTOMO-
11 METOJ]a U3MEPEHHUSI HJIEKTPOCONPOTHUBIICHUS,
ompeneneHa TeepaodazHas pacTBOPUMOCTh
repManus B cepedpe. DKCIIEpUMEHTANIBHO T10-
Ka3aHo, YTO KpHUBasl paCTBOPUMOCTH CMella-
eTcst B 00JacTh MEHBIIUX TEMIIEpaTyp MpHU
YMEHBIICHUH XapaKTepHOTO pa3Mepa CUCTEMBI,
a mpejeiabHas pacTBOPUMOCTb I'eépMaHUs
BO3pacTaer.
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